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Abstract 
High-Tc superconductor wires / conductors of longer lengths have emerged as one of the most promising candidates for several 
useful applications such as in utilities and in current lead powering large magnet system. These conductors are liquid nitrogen 
cooled and are much cheaper to operate. In the event of intrinsic thermal instability or cooling failure, irreversible transition to 
normal state may occur. These normal zones may propagate rapidly enough to cause transient heating leading to local ‘hot spot’ 
and resulting in damage to the conductor / magnet. In this paper, the mathematical formulation to determine the temperature 
distribution throughout the superconductor wire subjected to such transient disturbance is illustrated. The solution to the problem 
is achieved by using the method of separation of variables based on physically relevant initial conditions. The results are obtained 
in the series form in terms of Bessel’s functions and are illustrated numerically for a technical yttrium barium copper oxide 
(YBCO) superconductor wire. Also it is found that even for a steady state heat transfer of 500 W m–2 K–1, the conductor 
temperature rises above Tc in less than 10 sec of the thermal disturbance. 
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Nomenclature 
A  Average cross-sectional area of PFC supports (m2) 
b   Radius of the long cylindrical wire (m) 
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Cp  Specific heat (J kg–1 K–1) 
h  Heat transfer coefficient (W m–2 K–1) 
J0  Bessel function of first kind of zero order 
J1  Bessel function of first kind of first order 
K  Thermal conductivity (W m–1 K–1) 
r  Radius (m)  
Ti   Temperature of superconductor (K) 
T0   Temperature of the surrounding environment (K) 
t  time (s) 
 
Greek symbols 
D  Eigenvalue 
O   Thermal diffusivity (m2/s) 
U   Mass density of the wire (kg/m3) 
 
Abbreviation 
 
BSCCO  Bismuth strontium calcium copper oxide 
HTS  High temperature superconductor 
LN2  Liquid nitrogen 
YBCO  Yttrium barium copper oxide 
1. Introduction 
Bismuth strontium calcium copper oxide (BSCCO) and yttrium barium copper oxide (YBCO) based smart high-
Tc superconductors (HTS) are currently being produced commercially as long piece lengths [Badcock et al. (2009), 
Masur et al. (2001), Selvamanickam et al.  (2003), Usoskin et al. (2003), Watanabe et al. (2001)]. Thus high 
temperature superconductors have emerged alternative candidates for several applications such as in utility 
applications and in current leads in large high field magnet systems [Al-Mosawi et al. (2007), Ballarino (2002), 
Bogdanov et al. (2000), Fuger et al. (2009), Heller et al. (2011), Masur et al. (2002), McConnell et al. (2000), 
Weijers et al. (2004), Wesche et al. (2011)]. Since these conductors are either forced flow cooled or cooled in a bath 
of liquid nitrogen (LN2), the operator of such high temperature superconductor based devices are cheaper and 
attractive. However, in reality there are several off-normal operation scenarios also, where the conductor in the 
device / magnet / current leads etc. are to be protected. In the event of a resistive (normal) operation regime, local 
hot spots may arise depending on the temperature and spatial characteristics of the normal zone propagation. In all 
cases the conductor gets heated up and a temperature distribution occurs across the conductor cross-section. From 
design and successful operation point of view, an estimation of the temperature profile across the conductor in 
response to an irreversible transition to normal zone is extremely useful. This prior information not only leads to a 
sound design but also quantitatively predicts the operation margins. 
Superconductors are available in both cylindrical strands form as well as in the tape geometry [Buczek et al. 
(1999), Malozemoff et al. (2003), Oh et al. (2002), Paranthaman et al. (2004), Wang et al. (2010)]. In this paper, the 
cylindrical geometry has been considered. An event where the operating cooling scenario is abruptly changed (such 
as loss of coolant flow) has been considered as the reason leading to rapid transition to the normal state of the 
conductor. The mathematical formulation has been elaborated in Section–2. The results and discussion in the case of 
a round cylindrical YBCO strand has been discussed in Section–3. The conclusion has been explained in section–4 
of the paper. 
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2. Analysis 
A very long cylindrical wire of radius ‘b’ at a constant temperature ‘Ti’ is exposed to a surrounding 
environment at a temperature ‘To’ such that its surface exchange heat uniformly by convection as shown in Fig. 1.  
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of a long cylindrical wire. 
 
 
The function T(r, t) represents the temperature distribution for times t > 0. The diffusion equation for such a system 
can be represented as 
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where
)(
)(
TpC
TK
UO  
is the thermal diffusivity of the wire (m2/s) , ‘h’ is the heat transfer coefficient (W m–2 K–1), ‘U’ is 
the mass density of the wire (kg/m3), ‘Cp(T)’ is the specific heat (J kg–1 K–1) and ‘K(T)’ is the thermal 
conductivity(W m–1 K–1). 
 
In order convert the convectional boundary condition to a homogeneous quantity, a new variable ‘T’ has 
been defined as 
T = T - To                    (3) 
Now (1) can be written as  
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Equation (4) can be solved by applying the method of separation of variables as 
T (r, t) = R(r) *(t)                   (5) 
so that 
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In order to have a sensible solutions of (6), both sides of this equation is equated with a negative separation constant 
(- D2), so that the general solutions can be written as 
teAt OD
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and 
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)()()( 00 rYCrJBrR DD                                              (8) 
The physically meaningful solutions for (8) is possible only when C = 0 which leads to 
)()( 0 rJBrR D                                            (9) 
where ‘J0 (x)’ is the Bessel function of first kind of zero order. Now applying the boundary condition (2a) to (9), we 
have 
)()( 10 bJbJH DDD                                              (10) 
where ‘J1 (x)’ is the Bessel function of first kind of first order and the eigenvalues ‘D’ can be found out using (10).  
 
Thus, the general solution can be written as 
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Again applying the boundary condition (2b) to (11), we obtained 
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Multiplying (12) with the operator  ³b m drrrJ
0
0 D from both sides and integrating, we obtained 
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Thus the general equation governing the temperature profile for a long cylindrical wire can thus be represented as 
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This temperature profile T(r, t) represents the temperature variation along the radial direction of the wire with 
respect to a given time. 
3. Results and Discussion  
YBCO based HTS round shaped cylindrical strand of 1.0 mm radius is considered at an initial temperature of 80 
K throughout its length. Due to cooling failure HTS superconductor strand surrounding temperature raised to 110 K. 
Since the specific heat and thermal conductivity of this strand are temperature dependent, the averages of these 
variables with respect to time are taken for the analyses. For analysis, three cases of the heat transfer are considered 
such as (i) steady state heat transfer where ‘h’ can be considered to 500 W m–2 K–1, (ii) moderate heat transfer where 
‘h’ can be considered to 1000 W m–2 K–1 and (iii) transient high heat transfer where ‘h’ can be considered to 5000 W 
m–2 K–1. For these heat transfer cases, the eigen valves are calculated using (10) and are tabulated in table 1 for few 
values. Since T(r, t) is an infinite series of ‘n’, the convergence of this series has been done using MATLAB 
program. 
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Table 1. Twenty five Roots of Hb J0(Db)=Db J1(Db) 
 
Roots 
(Db) 
For h = 500 W m–2 K–1  
(Hb = 0.17889) 
For h = 1000 W m–2 K–1  
(Hb = 0.357782) 
For h = 5000 W m–2 K–1  
(Hb = 1.7889) 
D1b 0.58502329 0.80949529 1.54463212 
D2b 3.87807909 3.92371477 4.24965552 
D3b 7.04103408 7.06635741 7.26121606 
D4b 10.19103522 10.20856132 10.34610814 
D5b 13.3371109 13.35051156 13.45650868 
D6b 16.48148725 16.49233475 16.57846908 
D7b 19.62497585 19.63408743 19.70659587 
D8b 22.76794271 22.77579737 22.83838777 
D9b 25.91057706 25.91747954 25.97253157 
D10b 29.05298651 29.05914271 29.10827316 
D11b 32.19523677 32.20079233 32.24514914 
D12b 35.33737024 35.34243195 35.38285924 
D13b 38.47941548 38.48406397 38.52120045 
D14b 41.62139246 41.6256901 41.66003061 
D15b 44.76331553 44.76731157 44.79924725 
D16b 47.90519528 47.90892929 47.93877463 
D17b 51.04703972 51.05054393 51.07855557 
D18b 54.18885498 54.19215604 54.21854612 
D19b 57.33064585 57.33376603 57.3587119 
D20b 60.47241613 60.47537422 60.49902567 
D21b 63.61416888 63.61698089 63.63946556 
D22b 66.75590656 66.75858623 66.78001379 
D23b 69.89763121 69.90019045 69.92065578 
D24b 73.0393445 73.04179367 73.06137945 
D25b 76.18104785 76.18339602 76.20217471 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Temperature of YBCO wire with respect to different times at different radial distances. 
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The temperature is plotted with respect to time for different radial distances ‘r’ for a given heat transfer co-efficient 
and is shown in Fig. 2. This figure demonstrates that the entire conductor reaches ~ 110 K after 10 s. The 
temperature along the radial distance at different time periods is plotted in Fig. 3. It shows that there is little 
variation in the temperature profile along the radial direction for a given time. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Temperature of YBCO conductor with respect to the radial distance for different times. 
 
Similarly, the temperature profiles along the conductor’s radial axis are calculated for the moderate and transient 
high heat transfer coefficients. The temperature of the conductor for these three heat transfers at the centre of is 
plotted in Fig. 4. It shows that the temperature of the conductor raises sharply irrespective of the heat transfer co-
efficient. Also it can be seen that with higher heat transfer, the wire quickly attains the surrounding temperature. 
This indicates that the better heat transfer coefficient leads to the conductor reaching quickly to the environment 
temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Temperature of YBCO wire at the center (r = 0) with respect to time for the different heat transfer coefficients. 
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4. Conclusion  
The transient behavior of YBCO conductor subjected to an environment at higher temperature is numerically 
formulated by solving one-dimensional heat conduction equation in a cylindrical geometry. The results show that 
the temperature rise of HTS superconductor could be subsided by adequate cooling. In order to maintain the 
superconductivity behavior, the proper measures should be added so that in case of cooling disruption, the conductor 
can be protected from quench 
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